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Introduction

The aim of the Trailmaster series of experiments is to
generate an intense source of soft x-rays by imploding a thin

(2000 A) aluminum cylinder.! The present scheme incorporates
a plasma flow switch for the final pulse shaping and requires
careful diagnostic analysis. The emphasis of this work is to
transfer the energy to the load area and to understand the dy-
namics of the plasma flow switch.? The experiments are carried
out at LANL in two facilities. Laboratory experiments that an-
swer questions about the details of the plasma flow switch are
done on the 1.5-MJ Pegasus capacitor bank. The higher energy
experiments (Procyon series) utilize explosive pulsed power sys-
tems and are conducted at the Ancho Canyon firing site. It is
the latter set of experiments that will eventually supply an x-
ray radiation source at the megajoule level. At the present
time, the emphasis of the Procyon experiments is to deliver
energy from the generator to the plasma flow switch and the
load area. The details of these experiments are given in other
papers at this conference.?

In order to characterize these experiments one needs to di-
agnose the driver performance and the dynamics of the plasma
and power flow in the plasma flow switch region. The diffi-
culty of experiments in which high current, high voltage, and
high explosive are combined, leads to severe problems. Many of
the diagnostics are unique and untested. Since only a limited
number of experiments are done during a year, the effort is to
maximize the information per shot. The aim in this report is to
present some of the diagnostic techniques used in the adverse
Trailmaster environment.

The Load Region

The vacuum power flow region of the the Procyon experi-
ment is shown in Fig. 1 and it extends from the closing switch
to the end of the plasma gun. It includes the anodized radi-
ation baffles, the wire array, the plasma gun, and implosion
load region. The switch plasma is generated by the wire array
as current is transferred from the generator to the wires and
the JXB forces move it along the annular gun barrel to the
implosion load. The wire array and the barrier film combina-
tion produces 150 mg of switch plasma. The wire array is an
intricate weaving of 2-mil-diam aluminum wires as shown in
Fig. 3 and is designed to give a 1/ R? mass dependence, R rep-
resents the radial distance from the center of the plasma gun.
The present series of Procyon experiments has not included the
cylindrical load foil because the goal is to successfully transfer
the power to the load area as described in other papers.!»?:3

The radiation baffles were tested to minimize the probabil-
ity of radiation-induced flashover at the vacuum dielectric inter-
face. Also, the radiation characteristics of the baffles need to be
known for modifications and optimization of the power flow to
the load. Flashover for teflon, which is used for a dielectric in-
terface, occurs at 60 uJ/ cm?.® We have measured transmission
with a pulsed xenon {600-J) lamp and an optical multichannel
analyzer (OMA). This has shown attenuation of around 107 so
about 10 pJ of spectrally integrated radiation in the range of
300 to 600 nm gets to the dielectric vacuum interface. This
level of radiation is acceptable and no problems were observed
in the Procyon experiments. Flashover is also a function of
the spectral distribution or the temperature of the plasma pro-
duced by the wire array. In the latest Procyon experiment the
plasma temperature of the of the wire array was measured just

*This work was supported by the US Department of Energy.

after the wires burst. The temperature was determined from a
spectral fit to the blackbody distribution to be about 5 ev.
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Fig. 1. The components of the Procyon experiment. The radi-
ation baffles, wire array, and barrier foil along with the implo-

sion load area are shown. The location B and Faraday rotation
probes are indicated.

Power Flow Diagnostics

Several diagnostic techniques are used to measure the the
power flow to the load end of the experiment. Current is mea-
sured with Rogowski coils, Faraday rotation systems, and B
probes. The Rogowski and B data are transferred over fiber-
optic links that have been instrumental in minimizing ground
loops. The Faraday rotation systems are intrinsically free
of electronic noise but have suffered from mechanical shocks,
which are the main cause of data loss with Faraday rotation
systems. We rely heavily on accurate current measurements
with both Rogowski coils and Faraday rotation systems and
correlate the data against each other. Even though B probes
can be used to measure currents, they measure localized fields
and are affected by plasmas and, therefore, are mainly used for
plasma velocity and thickness measurements. We normalize the
B data to appropriately located Rogowski and Faraday rotation
sensor data and use the information to deduce the amount of
current flowing and switched in the plasma flow switch. In the

plasma flow switch experiments, a series of B probes are placed
along the outside and inside electrodes of the switch channel
as shown in Figs. 1 and 2, and they record the arrival time of
the plasma as each probe registers the current as the plasma
passes.
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Fig. 2. The electrical circuit for the Procyon experiment. The
generator, closing and opening switches are shown. The plasma
gun and load area are shown to indicate the positions of the
sensors. The plasma position is detected by B probes as it
passes the sensor.

The B probes are fabricated from solid copper coax ca-
ble with the center wire made into a loop and soldered to the
outer copper shell. The area of the loops are approximately
1-3 x 10~® m2. The B loop is embedded in epoxy inside a
fused silica tube. These probes are extremely rugged and work
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well in our environment. Each probe is calibrated by referenc-
ing it to a known loop area with a pulsed current source and
in this manner the effective loop areas are determined for each
one.

Fig. 3. The wire array. This is the source for the plasma in the
plasma flow switch. The pattern is to simulate a 1/R2 mass
dependence. The angle, wire size, and the angular step size of
the wire positions determine the mass dependence.

Figure 4a shows integrated B data for the probes on the
outside plasma channel wall and Fig. 4b shows data for the
inside wall. The data for the load region are also included in
Fig. 4b for one of the Procyon experiments. The probe data
for the outside wall have been normalized to the current that
was observed above the wire array with the Rogowski coils and
Faraday rotation probes. We can determine the plasma veloc-
ity from this data by observing the time of the initial rapid
signal onset for each probe. The velocity of the switch plasma
determined in this manner is 2 cm/us between probes m-2 and
m-3 and 5.2 cm/ us between probes m-3 and m-5 and the plasma
thickness was estimated to be a maximum of ~5 cm by the time
it reaches the load region. The same analysis was done for the
data from the inside wall of the gun barrel and the load area.
We find, for the probes at their conjugate locations, the veloc-
ity to be 2 cm/ps and 4.8 cm/us, respectively. The plasma,
therefore, moved in the barrel as a reasonably uniform annular
“washer.” Also, we notice that the current switching to the load
area, as indicated by probes m-9 and m-10 was simultaneous
but small, and not the same magnitude. The Faraday rotation
signals in Fig. 5 also show lower currents (significantly less than

100%) in the load, but still higher than the B probes indicate.
The Faraday rotation probes do not reach peak current and
are probably affected by either mechanical damage or intense
radiation that modifies the characteristics of the fiber. Even
though the Faraday probes are more accurate and not plagued
by local plasma anomalies, they are, nevertheless, subject to
changes in birefringence caused by mechanical effects.

Faraday rotation field sensors are extremely valuable where
ground loops and electrical noise can severely distort the data.
Figure 6 illustrates the system used at LANL for the Pro-
cyon experiments. The fibers in the experimental setups are
protected by plastic tubing, RTV, Torr seal, or other epox-
ies, which provide protection from shocks and UV light. A
beam of linearly polarized HeNe (632.8 nm) light is transmit-
ted through the sensor to a recording station where the rotation
of the plane of polarization is measured. Half-wave retarda-
tion plates are used to rotate the polarization direction at the
fiber entrance and at the analyzer. Following development by
others,® the Faraday rotation angle O for a coaxial geometry is
e=v foL B -dz. V' is the Verdet constant for the material,

B is the magnetic field strength, and L is the path length in
the field. According to Amperes law, I = (1/p,) J B-dz, and

here I is the current crossing the surface bounded by the line
integral and, therefore, ® = V/u,I. A result from the shot is
given in Fig. 7 and it is obvious that the fringes are reasonably
easy to count early in time but at late times when rapid cur-
rent changes are taking place and where current reversals are
encountered the situation gets difficult. Usually, two detectors
are set to record the same signal with a 90-phase difference.
The resulting signal will be quadrature coded, making possible
the detection of signal reversals. -

LOAD CURRENT AND B-DOTS B DOTS INSIDE CHANNEL

x108 5
12

9
s\-b

m-8

CURRENT
o

@9

Z

0535 338 340 342 344 346 J;B J!:O 5;2 !;6 !;5 358 ;‘335 338 3;0 34'2 344 346 3"! J;D !;2 3;4 !;6 35
TIME (M\CROSECDNDS) TIME (MICROSECONDS)
Fig. 4. a) The B data from the probes on the outside channel.
Signals are observed as the plasma passes the probes. The

probes currents are normalized to Rogowski coil data. The B
probes are mainly used for plasma velocity measurements and
thickness. The velocity is determined from the probe location

and the sudden onset of probe current. b) The B data from the
inside wall of the plasma-flow switch. The data are normalized
to data from the outside wall. The onset times from both data
sets indicate the the annular plasma was a reasonably uniform

“washer.”
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Fig. 5. Faraday rotation signals for Procyon experiment
(PSS3). The generator and plasma-flow switch currents are
shown. F-1 shows the generator current. F-3 is the current
measured at the radiation baffles. The current in the plasma
gun and load area are given by F-4, F-5, and F-6. F-6 shows
the current that is switched into the load.
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Fig. 6. The Faraday rota-
tion system on the plasma-
flow switch. The optics and
the load region are shown. A
HeNe laser transmits polarized
light that encircles the current
path. Half-wave plates at the
entrance and exit of the fiber
align the polarization. The
Wollaston prisms are used to
provide measurements of both
the sine and cosine of the rota-
tion angle.
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The sensitivity of the fiber is determined by the Verdet
constant and for most of our experiments this sensitivity is
0.6818 MA/cycle, i.e., the polarization changes through one
cycle as the current changes 0.6818 MA. For accurate current
measurements of less than 1 MA, the number of fiber turns are
increased, and in some cases up to 50 turns have been used with
a sensitivity of 0.014 MA /cycle. In cases where the magnetic
field changes very rapidly, a lower sensitivity may be desirable
and we have used systems with a different laser wavelength
(850 nm) to give a sensitivity of 1.15 MA /cycle.

Fig. 7. Example of Fara-
day rotation signal from
a Procyon experiment.
The top curve shows the
Faraday rotation signal.
The bottom curve shows
current. The fringes are
counted and multiplied
by the Verdet constant
to give the current. For
rapidly changing cur-
CURRENT, rents the resolution is
s changed so that fringes
can be counted.
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Radiation Diagnostics

Even though the emphasis of the Procyon series of exper-
iments has been to transfer power to the load region, the re-
quirement to diagnose the radiation from the up-coming foil im-
plosion tests needs to be addressed. The generator and switch
in these experiments are explosively driven and the vacuum im-
plosion chamber and the diagnostics do not survive the blast.
Radiation comes from the plasma flow switch and from the foil
implosion region. It is necessary to monitor different phases of
each process. In the plasma flow switch we desire to monitor
the initiation of the wire array and the subsequent motion of
the plasma down the gun barrel. During the foil implosion pro-
cess we need to monitor the initiation of the load foil, the run-
in, and thermalization. The diagnostics for these experiments
include filtered x-ray diodes, filtered bolometers, time-resolved
imaging cameras, time-resolved, uv-visible and x-ray spectrom-
eters, and pinhole cameras. In this paper we will discuss some
of these techniques and show data obtained from Pegasus and
other related experiments.

Visible imaging has been done with two different types of
cameras: the high-pressure, gas-driven rotating mirror cam-
eras; and the electronic high-speed cameras (Imacons). Mir-
rors are used to transfer the image from the experiment to
screen rooms or to bunkers. The optical path, which is usually
less than 100 ft, views the plasma both axially and radially.
Figures 9-10 are Imacon pictures that reveal some features of
the plasma on plasma flow switch experiments at the Pegasus
capacitor bank.

In Fig. 8a we observe the plasma sheath as it passes the
load area. The inter-frame time of each image is 167 ns and the
actual exposure time is 20% of this. The velocity and thick-
ness of the sheath can be estimated from these images. We
estimate a velocity of a minimum 6 c¢cm/us and a thickness of
about 1.5 cm, and this information is very important input
for the theoretical design codes. After careful examination of
the images it becomes evident that a precursor plasma appears

early in time. This feature has been observed with B probes as
early current in all the plasma flow switch experiments. Fig-
ures 8a and 8b show an implosion as observed axially in the
load region. An implosion is clearly observed with a framing
camera in Fig. 8b as the plasma collapses on the axis. The
pattern observed is due to a slot pattern in the electrical glide
plane at the end of the load region. The interframe time in this
experiment is 100 ns. Similarly, an implosion is observed with
a streak camera (Fig. 8c) as the plasma moves toward the axis
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and the light from the plasma generates a parabolic shape as
it accelerates to its collapse. Estimates of the final implosion
velocity from the streak camera data were 18 cm/us.

Fig. 8. a) Radial view of plasma on Pegasus capacitor bank
experiment. The images shown are taken 167 ns apart and
exposure time is about 34 ns. the timing alternates from left
to right and down. The plasma moves up in each image. We
notice early in time the front edge of a precursor and a series
of waves of plasma. The main plasma is observed as the bright
images during several frames. Estimates of the plasma velocity
were 6 cm/us and a thickness of 1.5 cm. b) Axial view of a
plasma pinch in the load area. The pattern is due to a slotted
electrical glide plane. It is clear when plasma reaches the center.
Interframe time in this figure is 100 ns. ¢) A streak camera
picture of a pinch. As the plasma implodes and accelerates, a
parabolic image is observed. Late in time the plasma begins to-
expand. At pinch time the plasma velocity was calculated to
be about 18 cm/ps.

X-ray imaging and spectroscopy diagnostics are difficult to
field in the adverse environments. These diagnostics need to be
located in the vacuum system and in the vicinity of high explo-
sives and, therefore, need to be fabricated in such a way that
they can withstand the explosive shocks and be recoverable.
Film is the main recording medium for these instruments. Af-
ter the experiment, these diagnostics need to be recovered and
film processed. Figure 9 shows an x-ray pinhole camera spec-
trometer combination that has been successfully used. This
camera is built inside a one-in.-thick steel casing, is vacuum
tight, and reusable. Filters are used in front of the pinholes
to transmit only x-rays. A shutter mechanism (either spring
loaded or detonator driven) blocks stray light after the experi-
ment and prior to recovery. Figure 10a shows the raw data of
an x-ray pinch from the Laguna experiments. Image enhance-
ment has improved the pinch region in the photograph as seen
in Fig. 10b and a computer determined density profile is shown
in Fig. 10c. In this picture the dimension of the main “blob”
of the pinch is 2-mm wide with a height of about 17 mm.

There is a need to measure the temperature of the implo-
sion at pinch time. For this purpose filtered x-ray diodes (XRD)
and bolometers are used and the data fitted to a Planckian



(black body) distribution. The bolometers used in the Trail-
master experiments are modified versions that were originally
developed at AFWL7 and at Sandia Laboratories.® The one
used at LANL is a four channel filtered system. The filters and
detector foil are chosen based on the experimental conditions
(approximate temperature). In most of our experiments, the
detector foil is 1-um-thick nickel mounted on a fused silica sub-
strate. The bolometer is biased with 40 A about 8 us prior to
the critical event (pinch). When radiation hits the bolometer
foil the temperature of the foil and, therefore, the resistance is
changed. This resistance change, along with the current flow
in the foil, generates a voltage that is related to the energy de-
posited in the foil. On one of the latest plasma switch Pegasus
experiments we obtained 19.2-kJ total energy deposited into
4-m steradians in this experiment. The spectral range of the
bolometer covers from about 70 ev to 3 kev. The differentiated
data gives the power for the implosion. The peak power was
5 x 101° W.

BREAK-AWAY
GLASS ROD

STEREOSCOPIC X-RAY
PINHOLE CAMERA-
SPECTROMETER

Fig. 9. The x-ray pinhole camera/spectrometer combination.
this camera has been re-used in several experiments. The two
images can give a stereoscopic picture of the pinch or they can
be used with different filtering. The specirometer is designed to
be usable with a variety of x-ray crystals. A shutter mechanism
closes the system to stray light after the experiment.

a

Fig. 10. Images taken with the x-ray camera. a) shows the raw
data. b) is a computer-enhanced image to show the position
of the pinch. ¢) shows a density profile. The size of the pinch
determined from these figures is about 2-mm wide by about
17-mm high.

The sensitivity of the bolometer is a function of the
detector foil material, size, current through the foil, and
resistivity change with specific energy. This is given by
AV/F, = I(Ap/Ae)(1vz?)(l/w) where AV is the increase of
resistive voltage, I is the bolometer bias current, Ap/Ae =
(8p/3T)/(8e/AT) is the resistivity change with specific energy,
v is the foil mass density, z is the foil thickness, | and w are the
exposed dimensions of the foil, and F, is the absorbed radiation
fluence (J/cm) after being corrected for filter transmission. The
time response of these bolometers is less than 5 ns and they have
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a useful range of fluences from 1 x 1073 to 1 x 107! J/cm?.
They can operate at fluences up to the point where the foil
begins to ablate.

Conclusions

Over a time period of several years numerous diagnostic
techniques have been developed and modified to address differ-
ent phases of the Trailmaster program. We have demonstrated
that the diagnostic techniques can be successfully fielded in
the adverse environments. Other diagnostic developments are
in progress including time-resolved, high-resolution x-ray spec-
troscopy and imaging. Improvements are being made in elec-
trical diagnostics and the increased use of fiber optic links has
significantly enhanced the quality of the electrical data. Noise
pickup and ground loop problems encountered on previous ex-
periments have virtually been eliminated.
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